Features derived from Gabor wavelet lters are used to reconstruct the skeletons of handwritten digits. The features are linked into strokes which are suitable as input to character recognizers. Experimental results are given to show the e ectiveness of the stroke-linking algorithm as a thinning method, producing well-connected skeletons for broken and noisy digits.
Introduction
Optical Character Recognition (OCR) is now a common tool in use throughout the world. For handwritten and poor quality print with broken characters, there are still formidable problems to be overcome and there is much ongoing research 1]. OCR requires the salient features of the true character to allow unambiguous identi cation. However, nominating the set of features to be used remains an open question.
Ideal printed text images are binary (black and white), but images produced by scanners are greyscale because of noise, distortions and other causes in the scanner and the document being scanned. There is also signi cant loss of information in the thresholding process that subsequently converts the greyscale image to binary 2]. Most of the databases of hand-written characters that are readily available for research, only provide binary information, which is not always perfect. For example, the NIST (US National Institute of Standards and Technology) data contain several examples of wrongly segmented digits. So in the case of processing binary data after imperfect thresholding, we must reconstruct a plausible skeleton by other methods. Moreover, the skeleton extraction method must be robust to cope with a wide range of source material, from high quality print to that with defects caused by di erent mechanisms. In this paper, it will be shown that feature extraction using Gabor lters produces reliable features for creating skeletons, which may be subsequently used in character recognition. For our binary images, we use a feature extraction algorithm developed by Shustorovich as the basis of the feature extraction method 9]. Two dimensional Gabor lters are given by the following equation g(x; y) = e ?(x 2 +y 2 )= 2 (cos 2 fx + j sin 2 fx) ; (1) where f is the frequency and the spread of the wavelet. Rotating the x-y plane by will produce a Gabor lter at orientation . Gabor lters for several orientations and dilations are pre-calculated and the data projected onto them at each processing centre of a regular grid. The features extracted are the amplitude of the lter output with the strongest response, at the orientation of the corresponding sine wavelet. Plotting line segments with lengths proportional to amplitude, at the noted orientation produces a visual reconstruction of the features.
Method for linking features into strokes
The line segments found at each local processing centre (m; n) have two nodes (index p = 0; 1). An optimization procedure, similar to the heuristic used in 10], is used to determine which of the neighbours of the current node represents the best match. The line segments are thus connected by links into a stroke. Results are obtained by calculating a cost function that nds the minimum of a weighted sum C 1 + C 2 + C 3 + C 4 . The cost components are: C 1 , distance to the next node; C 2 , di erence in orientation of the line segments being examined; C 3 , di erence in orientation of the line segment or link with the current course; and C 4 , the amount of whitespace traversed by the line segment or link, (computed from the path integral over the data pixels). The scaling constants , and are chosen to make the cost components comparable. The current course 
is the trend of the stroke's direction (L i measures the length of the i-th movement, puts some sti ness in the stroke as it is traced). The algorithm is implemented to prefer existing line segments over making new links. The steps are 1. Find a suitable node (m; n; p) by raster search.
2. If (m; n; p) has no neighbours, mark (m; n; p) as used and try again, otherwise mark out the stroke in one direction by exhaustive minimum cost search. Mark all the nodes thus linked so they will not be used again.
3. Mark out the other part of the same stroke in the opposite direction by starting again at the initial node.
4. Repeat steps 1 to 3 until all nodes have been examined.
The set of marked segments constitutes the linked stroke. The search is repeated from the initial point in the other direction (step 4) to ensure the maximum length of stroke formed by the segments is found.
Experimental Results
The above feature extraction and linking algorithms were tested on sample handwritten digits from the NIST database. The results presented all use a 7 7 grid of local processing centres overlaying the data. It should be noted that the linking algorithm uses no explicit knowledge of the character's shape.
The grid uses lters with 16 orientations and eight dilations. The scaling constants are = 0:25, = 2:0, = 1:2 and = 0:5.
In Figure 1 the rst box contains the original character image data; in the second, the dots indicate the local processing centres of the 7 7 grid and the line segments are those found by the feature extraction algorithm of section 2. The third box shows the linked strokes resulting from use of the algorithm of section 3.
Good skeletons are obtained for both noise-free character bit-images (Figure 2 , rst and second columns) and for those where 80% of the pixels were randomly deleted (third and forth columns), to simulate poor quality reproduction. The pixel deletion has entirely destroyed the connectivity of the digit, which would make conventional thinning algorithms fail, yet here good skeletons are returned.
The broken digits were prepared by scanning 100 dpi greyscale images of handwritten digits and thresholding these to produce broken digits. As may be seen in the fth and sixth, and seventh and eighth columns in Figure 2 the algorithm has bridged the gaps, linking these digits with the resulting strokes corresponding closely to the desired skeleton of the digit.
Conclusions
Gabor lters have been used to extract salient features of binary character images to produce plausible skeletons from good to indi erent source material. Their intriguing analogy with our biological vision system makes them especially suitable for the robust detection of underlying structure, even if the image available is corrupted by a considerable percentage of dropouts. When used to detect the features of broken characters, useful results are also obtained.
The features found are linked into a skeleton, suitable for processing and identi cation by conventional classi ers. Although our work is with binary data, the algorithms presented are equally applicable to greyscale data. Research is now progressing on streamlining the feature extraction process and the use of more clues available in the image to further improve the skeleton. The rst column shows digits from the NIST database (note the thresholding error in the 5, causing an unlikely break), the third column shows the data with 80% of the pixels randomly deleted and the fth and seventh columns show broken digits produced by di erent levels of thresholding of greyscale data. The alternate columns show the skeletons made from linking the features into strokes.
